The pressure drop and heat transfer characteristics of single-phase and two-phase micro-pin-fin heat sinks were investigated experimentally. Fabricated from 110 copper, the heat sink contained an array of 1950 staggered square micropin-fins with 200×200 µm 2 cross-section by 670 µm height.
INTRODUCTION
Liquid cooled micro-pin-fin heat sinks have recently emerged as an alternative to micro-channel heat sinks to meet the future high-heat-flux electronic cooling needs [1] [2] [3] [4] [5] [6] [7] [8] . While the heat sink construction and operating principle for the two types of heat sinks are essentially the same, micro-pin-fin heat sinks differ from micro-channel heat sinks in that the former utilize staggered or aligned micro-size short pin-fin arrays as the internal heat transfer enhanced structure. Characteristic dimension of the pin-fins ranges from tens to hundreds of
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micrometers, and pin-fin height to pin-fin diameter ratio are typically between 0.5 and 8. Depending on whether liquid coolant boils inside the heat sink, a micro-pin-fin heat sink can be classified as single-phase or two-phase. Arrays of conventional short pin-fins that are several millimeters or larger in size are widely used as heat transfer enhanced structures in turbine cooling applications, and their pressure drop and heat transfer characteristics have been studied quite extensively in the past [9] [10] [11] [12] [13] [14] [15] . In these studies, air was commonly used as the coolant and high flow rate produced a high Reynolds number of at least several thousands. For micro-pin-fin heat sinks in electronic cooling applications, however, liquid such as water should be the choice of coolant in order to achieve better cooling performance. In addition, the low coolant flow rate and small characteristic dimension of micro-pin-fins will usually yield a low Reynolds number of less than 1000.
To facilitate practical implementation of micro-pin-fin heat sinks, several studies have been recently conducted on pressure drop and heat transfer associated with liquid single-phase flow [1] [2] [3] [4] [5] [6] and flow boiling [7, 8] in micro-pin-fin arrays. Koşar et al. [1] experimentally studied water single-phase pressure drop across four arrays of staggered and aligned circular and diamond shaped micro-pin-fins having diameter d of 50 and 100 µm, fin height to diameter ratio H fin /d of 1 and 2, longitudinal pitch to diameter ratio S L /d of 1.5 and 5, and transverse pitch to diameter ratio S T /d of 1.5 and 5. Reynolds number in the study ranged from 5 to 128. Friction factor correlations were proposed based on the experimental results. Peles et al. [2] provided a theoretical analysis of single-phase heat transfer in micro-pin-fin arrays. Koşar and Peles [3] experimentally studied water single-phase pressure drop and heat transfer in an array of staggered circular pin-fins having diameter d of 99.5 µm, H fin /d of 2.44, S L /d of 1.5, and S T /d of 1.5. Reynolds number ranged from 14 to 112. Koşar et al. [4] conducted an experimental study of water single-phase pressure drop and heat transfer in an array of hydrofoil pin-fins with chord thickness of 100 µm and height of 243 µm.
Reynolds number ranged from 15 to 720. New heat transfer correlation was proposed based on the experimental data. Prasher et al. [5] Other relevant studies on low Reynolds number singlephase pressure drop and heat transfer in short pin-fin arrays include those by Short et al. [16, 17] and Moores and Joshi [18] . In a two-part paper, Short et al. [16, 17] The present study expands on the above studies by investigating the hydrodynamic and thermal characteristics of water single-phase flow and flow boiling in a micro-pin-fin heat sink incorporating an array of staggered square micro-pinfins with an equivalent diameter of 200 µm. General characteristics of the two flow regimes are first described. The experimental results of single-phase pressure drop and heat transfer are then compared with predictions of the aforementioned single-phase friction factor and heat transfer correlations to access the accuracy of these correlations at describing single-phase flow in the present micro-pin-fin array. 
NOMENCLATURE

EXPERIMENTAL APPARATUS
Flow loop
A flow loop was constructed to adjust the liquid coolant, deionized water, to the desired operating conditions and to supply it to the micro-pin-fin heat sink test module. Figure 1 shows a schematic of the flow loop. Water was circulated using a gear pump. A compact heat exchanger was used to bring the water to a temperature of approximately 19 o C before it entered the pump. After leaving the pump, the water flowed through a filter to prevent solid particles from clogging microsize flow passages in the heat sink. The water then passed through one of two rotameters for flow rate measurement. The rotameters were calibrated using the standard weighting method. The accuracy of flow rate measurement was better than 4% of the readings. Afterwards, the water passed through a second heat exchanger that was connected to a constant temperature bath, where water was brought to the desired test module inlet temperature. The water then entered the micropin-fin heat sink test module. The water exiting the test module flowed through a third heat exchanger to condense any vapor before it returned to the reservoir. Several valves were also included in the flow loop for flow control. Figure 2 shows the construction of the micro-pin-fin heat sink test module. The test module was composed of a 110 copper micro-pin-fin heat sink, a G-7 fiberglass plastic housing, a transparent polycarbonate plastic (Lexan) cover plate, and nine cartridge heaters. The micro-pin-fin heat sink had a platform (top) area of 1.0 cm (width) by 3.38 cm (length).
Test module
An array of 1950 staggered micro-pins with 200×200 µm 2 cross-section by 670 µm height were milled out of the top surface. A top view of the micro-pin-fin array together with key dimensions is shown in Fig. 3 . Below the heat sink top surface, three Type-K thermocouples were inserted along the center plane to measure the stream-wise temperature distribution in the heat sink, and are indicated in Fig. 2 as tc1 to tc3 from upstream to downstream. Further below was a small protruding platform around the periphery of the heat sink to ensure the top surface of the heat sink was flush with the top surface of the housing. Three narrow slots were cut from the bottom surface up through most of the heat sink's height to reduce stream-wise heat conduction within the heat sink. Nine holes were drilled into the bottom surface of the heat sink to accommodate the cartridge heaters that were connected in parallel and powered by a 0-110 VAC variac. The central portion of the housing was removed where the micro-pin-fin heat sink was inserted. RTV silicone rubber was applied along the interface between the housing and the heat sink to prevent leakage. The housing contained plenums both upstream and downstream of the micro-pin-fin arrays. Each plenum had a deep portion leading to a shallow portion to ensure even distribution of flow. An absolute pressure transducer was connected to the inlet deep plenum via a pressure tap to measure the inlet pressure. A differential pressure transducer was connected to the inlet and outlet deep plenums to measure the pressure drop across the heat sink. The uncertainty in the pressure drop measurements was estimated to be less than 0.25% of the readings. Also located in the inlet and outlet deep plenums are two Type-K thermocouples to measure the inlet and exit temperatures, respectively. Errors associated with the thermocouple measurements were smaller than ±0.3 o C. The readings of pressure transducers and thermocouples were recorded using an HP data acquisition/control system that was interfaced to a PC. The thick cover plate was bolted atop the housing as shown in Fig. 2 . The cover plate and the heat sink top surface containing the micro-pin-fin array formed closed flow passages for the water. A shallow groove was machined into the housing around the heat sink top surface, and RTV silicone rubber was applied into the groove to create a leak-proof seal.
After the test module was assembled, multiple layers of ceramic fiber were wrapped around the heat sink for thermal insulation to reduce the heat loss to the ambient. The electrical power input to the cartridge heaters W P was measured by a 0.5 % accuracy wattmeter.
Test procedure
Prior to conducting a test, the water in the reservoir was deaerated for one hour through boiling using the immersion heater to force any dissolved gases to escape to the ambient. The flow loop components were then adjusted to yield the desired test module inlet temperature, T in , and mass flow rate, m & . The water inlet temperature T in was set to 30 °C. 
where A min is the minimum transverse flow area of the micropin-fin array,
and e d represents an equivalent diameter of the square micropin-fins, corresponding to the diameter of circular pin-fins d,
where A c is the area of a single square pin-fin cross-section,
and P fin is the perimeter of the single pin-fin cross-section,
Maximum mass velocity G max is defined as
After the flow became stable, the heater power was adjusted to a level below incipient boiling where water was single-phase liquid. The power was then increased in small increments as the flow loop components were constantly adjusted to maintain the desired operating conditions. At each heater power level, the heat sink was allowed to reach steady state conditions. Once at steady state, readings from the pressure transducers and thermocouples were recorded at 0.5 s intervals for 3 min. Readings from the rotameter and wattmeter were recorded manually.
Heat loss from the test module during single-phase tests was evaluated from the difference between the electrical power input and the measured enthalpy change of the water flow.
It has been found that loss Q is fairly constant and isn't sensitive to the electrical power input.
In the present study, the level of input heat flux that is removed by water flow from the micro-pin-fin array is represented by an effective heat flux eff q" , defined based on the top platform area of the heat sink,
For flow boiling, eff q" is evaluated from
where Q loss,ave is the average heat loss obtained from the singlephase tests at the same mass flow rate. Each test was terminated when the highest thermocouple reading reached about 130 o C to avoid overheating the test module. 
RESULTS AND DISCUSSION
Boiling curve
Single-phase pressure drop
Since the differential pressure transducer was connected to the inlet and outlet deep plenums of the housing, the measured pressure drop P ∆ is the sum of pressure drops across the inlet deep and shallow plenums, micro-pin-fin arrays, outlet shallow and deep plenums, as well as pressure losses and recoveries associated with the consecutive regions. Neglecting the pressure drop in the plenums, the total pressure drop P ∆ can be evaluated from 1 2 2 1 e e pin c c
∆P c1 and ∆P c2 are the contraction pressure losses from the deep plenum to the shallow plenum, and from the shallow plenum to the micro-pin-fin array, respectively [19] .
( )
and
where subscripts p1 and p2 denote the deep plenum and shallow plenum, respectively, and K c1 and K c2 are the loss coefficients for the corresponding abrupt contractions. Similarly, ∆P e2 and ∆P e1 are the expansion pressure recoveries from the micro-pin-fin array to the shallow plenum, and from the shallow plenum to the deep plenum, respectively, which are expressed as ( ) 
where K e1 and K e2 are the recovery coefficients associated with the corresponding abrupt expansion. Values of K c1 , K c2 , K e1 and K e2 for the present heat sink geometry are evaluated in accordance with reference [19] .
pin P ∆ is the pressure drop across the micro-pin-fin array, which can be expressed as
where N L is the number of rows in the stream-wise direction, and is equal to 85 for the present heat sink geometry. f pin is the pin fin fraction factor. In the present study, friction factor correlations developed by Short et al. [16] , Moores and Joshi [18] , Koşar et al. [1] , and Prasher et al. [5] for low Reynolds number (Re<1000) single-phase flow in pin-fin arrays are employed to evaluate f pin . All relevant equations are given in Table 1 . 
is 17.6 % for a total of M=55 data points. 
Diamond shape pin-fins
Prasher et al. [5] 
For Re < 100 , 
99.1
Table 1. Single-phase friction factor correlations
The Moores and Joshi correlation underpredicts the present P ∆ data. Two friction factor correlations were proposed by Koşar et al. [1] for arrays of circular pin-fins and diamond shaped pin-fins, respectively. Figs. 7 and 8 show that the circular pin-fin correlation underpredicts the present P ∆ data, while the diamond shaped pin-fin correlation overpredicts the current data, for square micro-pin-fins. Predictions of the Prasher et al. correlation deviate significantly from the present data.
Single-phase heat transfer
The local heat transfer coefficient averaged over the four surfaces (upstream, downstream, and sides) of a single micropin-fin h sp was evaluated at the three thermocouple streamwise locations. Taking advantage of symmetry, a unit cell containing a single micro-pin-fin is examined at each thermocouple location as shown in Fig. 3 The following energy balance can be written for the unit cell:
where A cell is the projected area of the unit cell, 
and η represents the fin efficiency, near the heat sink outlet may be caused by the increase in Reynolds number along the flow direction. This is because the higher downstream water temperature led to a reduced water density and viscosity. Figs. 11 and 12 compare the predictions of the four heat transfer correlations proposed by Short et al. [17] , Moores and Joshi [18] , Koşar et al. [4] , and Prasher et al. [5] , respectively, with the present Nu sp data. The correlations are summarized in Table 2 
